A longitudinal investigation of changes in red blood cell (RBC) size distribution and zinc protoporphyrin/haemoglobin (ZPP/Hb) ratio was performed.
A longitudinal investigation of changes in red blood cell (RBC) size distribution and zinc protoporphyrin/haemoglobin (ZPP/Hb) ratio was performed.
In the course of the first few weeks after birth RBC size distribution histograms show a loss of macrocytic RBCs demonstrated by a rapid decrease of the fraction of macrocytes, whereas the degree of RBC volume dispersion decreases simultaneously. Within this period a significant change in the fraction ofmicrocytes was not observed. At about 6 months of age, a marked shift of RBC size distribution histograms towards lower volumes occurs. Concomitant with the lower MCV values, the values for the absolute distribution width at half peak height (ADW o .j ) also showed an obvious decrease.
At birth, ZPP/Hb ratios are about three times higher than those of adult subjects and decrease slowly during infancy. This suggests that iron deficiency is unlikely in the first months of life.
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Information on alterations in the erythron and the effect of changes in iron status may be derived from red blood cell (RBC) size distribution histograms' and the ZPP/Hb ratio.i" Because of the small size of blood samples available from neonates, the number and type of additional biochemical determinations is limited.
Modem haematology analysers can provide quantitative measures derived from RBC size distribution histograms from a few drops of blood. Reports from several investigators?" show that studies of RBC size dispersion are useful in screening subjects for haematological abnormalities and may supply additional diagnostic information.?'!?
Few investigations have been published on the evaluation of qualitative and quantitative features of RBC size distribution histograms of neonates."" The objective of this study was to determine how RBC size distribution histograms and other haemocytometric values vary in time within the neonatal period. Therefore, values established for the ADW o . j , the fraction of microcytes and the fraction of macrocytes are Correspondence: Dr P C Bartels.
102 monitored sequentially together with the ZPP/ Hb ratio.
The ZPP/Hb ratio is measured in washed RBCs using a haernatofluorirneter." In the course of a few months after birth, RBC volumes are reduced. Macrocytic RBCs disappear, whereas increasing amounts of microcytic RBCs are produced. Concomitant changes in ZPP/Hb ratio occur. The ZPP/Hb ratio has been demonstrated to be increased in infants with a decreased transferrin saturation." It is also increased in subjects with iron deficiency and in other disorders such as infectious diseases." Increased values would be observed until 2 months of age without necessarily indicating iron deficiency, since the quantity of available iron is considered to be abundant at this age. Later on during infancy, ZPP/Hb ratios are reported to be slightly higher than in adults, but it has not been established conclusively whether or not iron deficiency is responsible for the observed difference."
SUBJECTS AND METHODS
Nineteen neonates from the newborn nursery of the Medical Centre Alkmaar delivered at term without perinatal blood loss were studied. Babies with inflammation were excluded. During the first month of life blood samples were collected every week and subsequently at 6 months of age.
To establish a reference RBC size distribution curve 72 apparently healthy adult males (ages 19-53 years old) and 65 apparently healthy females (ages 20-45 years old) were studied.
RBC sizing
Haemocytometric measurements were performed on an Ortho ELT 800 Hematology Analyzer according to the manufacturer's instructions." Sizing of RBCs is based on the measurement of small angle forward light scattering intensity. A sheath fluid constrains the RBCs in the centre of the sensing region and the RBCs are forced into a single file array. In spite of the laminar flow RBCs may cause large, orientation-dependent variations in light scattering intensity. Electronic voltage pulses are generated by the RBCs when blood samples, diluted with Isolca'P-D, pass through the laser beam. After signal amplification, the voltage pulses are compiled in a channel analyser and their frequencies are plotted in a RBC size distribution histogram.
The instrument is optimally adjusted using three batches of monodisperse polystyrene microspheres with diameters of 5·2, 6·4 and 10·1 /lm (Dynospheresw, Dyno Industrier AS, Lillestrem, Norway)."
Determination of the fraction of microcytes and the fraction of macrocytes A reference curve was constructed based on the mean frequencies for each channel number of the combined RBC size distribution histograms of the 137 adult reference subjects. In this curve the channel numbers corresponding with the 2·5th and 97·5th percentiles was determined. The 2·5th percentile coincides with channel number 21, the 97·5th percentile with channel number 35. These channel numbers were taken as the limits of the fractions of microcytes and macrocytes, respectively. The fraction of RBCs below the lower threshold is considered to be the fraction of microcytes, that above the upper threshold the fraction of macrocytes. Based on these limits, the fractions of microcytes and macrocytes were determined for each infant.
Determination of the ADW o . 5-value The ADW o ' 5 value was measured manually for each blood sample and converted into femtolitres using the channel width calibration factor of 3·2 fL.
Measurement of the ZPPIHb ratio
The ZPP/Hb ratio was measured on a haematofluorimeter (AVIV Biochemical Inc, Lakewood, New Jersey 08107, USA)18 by front surface illumination fluorometry, corrected for the blank reading of the empty cover glass and expressed as /lmol ZPP per mol Hb.
The contribution of non-specific fluorescence in the blood sample originating from fluorophores in the plasma was eliminated by making the measurement on washed RBCs resuspended in isotonic saline. 12 . 14 The instrument was calibrated according to the manufacturer's instructions. Glycerolised RBC suspensions of human origin with low, medium and high ZPP/ Hb ratios with assigned values supplied by the instrument manufacturer were used to establish day-to-day reproducibility. Table 1 shows the means and 2'5th-97'5th intercentile ranges of haemocytometric values and ZPPjHb ratios found during the first weeks of life and in infants aged 6 months. At birth, large ROCs are present with a high haemoglobin content (MCH). In the course of a few weeks, ROC and Hb concentrations decrease rapidly, along with a reduction in MCH. At birth, MCV values and the fractions of macrocytes are increased and in the course of the first weeks a steady, slight decrease is observed. The fractions of microcytes remain within the reference range. At the age of 6 months the fraction of microcytes increases. ADW o 5 values initially increase, and steadily decrease subsequently. The ZPPjHb ratio is moderately increased at birth with no obvious change during the first weeks of life. gradual shift from an abundance of iron to the marginal iron reserves that characterize the period of continued rapid growth accompanied by a rapidly expanding blood volume."
RESULTS
The lower limit of the reference range for the Hb concentration during the first months of life is difficult to establish unequivocally." RBC size distribution histogram Literature references concerning age-related haematocytometric changes in the erythron in neonates are scarce. Compared with a mean histogram of apparently healthy, 6 months old infants, ROC size distribution histograms ofneonates in the first weeks of life have a clearly increased number of macrocytes ( Fig. I) .
At birth, MCV values ranged from 100 to 123 fL (Table I) , a finding comparable with that ofa previous report." In keeping with the higher MCV values, the degree of ROC volume dispersion, quantified as ADW o 5 value, was found to be moderately increased throughout the neonatal period. At the age of about 6 months, consistent with decreased MCV values, ADW o 5 values were much lower. The lack of statistically significant alterations in the fractions of microcytes in the first weeks after birth may indicate that the iron supply is sufficient to provide adequately for erythropoiesis.
The postnatal iron needs of low birth weight preterm infants are relatively high to sustain a rapid rate of growth. Since iron stores at birth are roughly' proportional to birth weight, preterm infants manifest iron depletion earlier after birth than term infants." Consequently, most neonates are well supplied with iron. In general, large and rapid falls occur in RBC concentrations during the first weeks of life, probably due both to the shorter life span of RBCs containing fetal haemoglobin and to increasing blood volume." In the first 3 months of age abundant iron stores in the neonate provide for synthesis of Hb, myoglobin and iron proteins. Therefore, iron deficiency is rare within the first 2 months of life, except when there has been an unusual degree of perinatal blood loss of the child. After about 4 months of age, there is a ZPP/Hb ratio As we have previously shown," ZPPjHb ratios range from 0·06 to 0·13 Jlmol ZPP/mol Hb in healthy male and female adults. The present study found ZPP/Hb ratios in neonates about three times higher than in adults, tending to slowly decrease later. Koenig" contended that increased free erythrocyte protoporphyrin levels are present at 2 months of age without indicating iron deficiency. During the remainder of infancy, protoporphyrin values are reported" to be somewhat higher than in the adult, although it has not been conclusively determined whether or not iron deficiency is responsible for this difference. Acceording to Brittenham," elevated protoporphyrin concentrations decrease rapidly during the first week of life. After this time information on the protoporphyrin concentration is scant. The upper limit of the distribution of the ZPP/Hb ratio is reportedly twice as high in 2week-old neonates as in adults."
Relationship between changes in haemocytometric and in ZPP/Hb values The aim of this investigation was to gain more insight into physiological alterations in the erythron after birth. In neonates, rapid changes in erythropoiesis and iron metabolism occur. In the first weeks of life, increased delivery of oxygen to the tissues allows Hb concentration to fall as erythropoietin stimulation is diminished. In reticulocytes the ZPP/Hb ratio is increased. Because there is a high percentage of immature RBCs at the first weeks of life, the ZPP/Hb ratio is increased without being indicative of iron deficiency. 15. 22 At birth, RBCs are considerably larger than in adults. In the peripheral blood, nucleated RBCs disappear rapidly, together with a precipitous fall in reticulocyte count. As a consequence, a steady decrease of MCV values can be observed during the first months of life (Table I) . Decreasing RBC volumes might be due to iron deficiency. In this case increased RBC volume dispersion would be present." As shown in Table I , from birth until an age of 6 months ADW o 5 values are roughly proportional to MCV. Between I and 6 months of age an increase in the fraction of microcytes is observed. In the same period ZPP/ Hb ratios slightly decrease. Therefore, the development of iron deficiency is unlikely in this period."
It may be of practical importance that the tests, listed in Table I , are interpretable even after recent iron supplementation.
Diagnosis of abnormalities in erythropoiesis
Since technical factors may decrease the sensitivity and the specificity of conventional haematological values, small changes in the erythron may be difficult to detect. Screening procedures for the detection of abnormalities in the erythron, for instance due to iron deficiency, should be kept as simple as possible." In most laboratories haematology analysers are available which not only provide haemocytometric results but can also generate RBC size distribution histograms. The fraction of microcytes may be increased due to disturbances in Hb synthesis. An increased fraction of macrocytes may Indicate decreased maturation of erythroblasts, for instance due to folate or vitamin B l 2 deficiency. In the case of MCV values which are decreased '" ..., 6 ..., 6 '" N 6 ..., or within the lower reference range, ADW o . j values and ZPP/Hb ratios may afford additional information. Compared with adult subjects, MCV values for infants at 6 months of age are markedly decreased in our study and increase steadily between 1 and 11 years 01d. 26 Decreased ADW o . j values may indicate thalassaemia, whereas increased ADW o .j values may indicate iron deficiency. Variations in apparatus and methodology used for RBC sizing may cause major differences between laboratories in the characteristics of size distribution histograms. Therefore, establishment of reference ranges, amongst others for ADW o . j values, should never be omitted.
When abnormalities in the erythron are suspected in neonates, our RBC size distribution histograms and haemocytometric values, calculated for various ages, might be useful as a general guide to the interpretation of results.
